Two commercial nanoclays were used here as catalytic fillers for production of polyethylene (PE) and linear low-density polyethylene (LLDPE) nanocomposites via in situ polymerization with zirconocene/MAO catalyst. It was found that both types of nanoclays designated as clay A and clay B can improve thermal stability to the host polymers as observed from a thermal gravimetric analysis (TGA). The distribution of the clays inside the polymer matrices appeared good due to the in situ polymerization system into which the clays were introduced during the polymer forming reaction. Upon investigating the clays by X-ray diffractometer (XRD) and Fourier transform infrared spectroscopy (FTIR), it was observed that the crucial differences between the two clays are the crystallite sizes (A < B) and the amounts of amine group (A < B). The higher amount of amine group in clay B was supposed to be a major reason for the lower catalytic activity of the polymerization systems compared to clay A resulting from its deactivating effect on zirconocene catalyst. However, for both clays, increasing their contents in the polymerization systems reduced the catalytic activity due to the higher steric hindrance occurring.
Introduction
During the growth of polyolefin production, polyethylene (PE) is considered as one of the most widely used synthetic polymer with the annual production approximately 80 million metric tons [1] . This is due to its unique properties such as light weight, high chemical resistance, and low dielectric constant. However, the polyethylene properties have some restrictions on its use. It does not have enough stiffness, has low gas permeability, and can easily catch fire. Therefore, improving the polyethylene properties is important. Addition of additives or fillers can improve polyethylene properties such as mechanical property, thermal property, barrier property, and flame resistant. Due to the advantage of nanotechnology nowadays, nanoscale materials have been used as fillers instead of conventional microscale materials and also provide better properties. The polymers with the addition of nanofiller can be designated as polymer nanocomposites. The final properties of polymer nanocomposites depend strongly on the properties of the filler. Different types of nanofillers have been used in the production of polymer nanocomposites including organic nanofiller such as cellulose and inorganic nanofiller such as carbon nanotube (CNT) [2, 3] , silica (SiO 2 ) [4] , alumina (Al 2 O 3 ) [5] , and clay [6, 7] . Using nanoclay as a filler is of interest for nanocomposite production due to ready availability and low cost. Zhao et al. [6] studied the properties of PE/clay nanocomposites, which were prepared by melt mixing and found that the mechanical and flammability properties of the polymers improved with the clay addition. Huang et al. [7] studied the thermal stability and fire behavior of LDPE/clay nanocomposites, which were prepared by melt mixing, and observed the improved thermal stability and flame retardant. Besides the nature of fillers and their content in the product, the adhesion between matrix and filler and the aspect ratio of the filler are also the key factors in the improvement of the polymer final properties [8] . The platelet nanoclay is one of the high aspect ratio fillers, therefore receiving considerable attention. For enhancing the adhesion between two phases, modification of nanoclay with appropriate agent is usually used for this purpose. Hakim et al. [9] investigated clay nanoplatelets treated (modified) with ammonia and dodecylamine at different conditions in the in situ ethylene polymerization system with metallocene catalyst (Cp 2 ZrCl 2 ). It was found that the treated clays provided the higher catalytic activity than the untreated clays. However, the modifiers sometimes deteriorate the polymerization systems particularly for the in situ polymerization systems into which the modified fillers were introduced during the polymer growing process [10] .
In this study, the two commercial nanoclays completely modified with different amounts of amine group were investigated to compare their roles in the in situ polymerization with MAO/metallocene catalysts for the production of PE/clay composite and LLDPE/clay composite. The nature of both clays was characterized using Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction analysis (XRD). The effect of clay natures and loadings on the nanocomposite properties and the catalytic activity of polymerization systems were studied by nuclear magnetic resonance ( 13 C NMR), scanning electron microscopy (SEM), and so forth.
Experimental
2.1. Materials. All chemicals and polymerization were performed under an argon atmosphere using a glove box and/or Schlenk techniques. Nanoclays (montmorillonite, MMT containing different amounts of amine group) were donated by Thai Nippon Chemical Industry Co., Ltd., Thailand. Toluene was dried over dehydrated CaCl 2 and distilled over sodium/benzophenone before use. The rac-ethylenebis (indenyl) zirconium dichloride (rac-Et[Ind] 2 ZrCl 2 ) was obtained from Aldrich Chemical Company, Inc. Methylaluminoxane (MAO) in hexane was donated by Tosoh (Akzo, Japan). Ultrahigh purity argon was purchased from Thai Industrial Gas Co., Ltd. And was further purified by passing it through columns that were packed with BASF catalyst R3-11G (molecular-sieved to 3Å), sodium hydroxide (NaOH), and phosphorus pentoxide (P 2 O 5 ) to remove traces of oxygen and moisture. Ethylene gas (99.96%) was donated by the National Petrochemical Co., Ltd., Thailand. 1-Hexene (99%, d = 0.673 g/mL) and hydrochloric acid (HCl, fuming 36.7%) were purchased from Aldrich Chemical Company, Inc. Methanol (commercial grade) was purchased from SR Lab Co., Ltd. −5 M] along with toluene (to make total volume of 30 mL) was put into the reactor. Then, ethylene was fed into the reactor equipped with pressure gauge. After all ethylene was consumed (6 psi from pressure gauge), the reaction was terminated by addition of acidic methanol and stirred overnight. After filtration and dried at room temperature, polyethylene/clay nanocomposite is obtained. For copolymerization, 1-hexene as comonomer (1 : 0.5 of ethylene : 1-hexene ratio) was also put into the reactor. Thermal Gravimetric Analysis (TGA). TGA was used to determine the thermal stability of clay in terms of weight loss. The sample was analyzed by TGA, PerkinElmer Thermal Analysis Diamond TG/DTA. The analysis was preceded under nitrogen atmosphere at gas flow rate of 100 mL/min. The sample was heated from 25 ∘ C to 300 ∘ C at a constant rate of 10 ∘ C/min and then cooled naturally.
Treatment of

Fourier Transform Infrared Spectroscopy (FTIR)
. FTIR was used to identify specific structural characteristics (e.g., functional group or molecular structure) of nanoclay using Nicolet 6700 FTIR.
Characterization of Nanocomposites
Small Angle X-Ray Diffraction Analysis (SAXRD). SAXRD was used to identify the sample by comparison with reference sample and to determine the interlayer spacing of nanoclay in polymer matrix. XRD patterns of polyethylene/clay nanocomposites were observed using Bruker AXS Model D8 Discover X-ray diffractometer with VANTEC-1 Detector (Super Speed Detector) 46 connected to a personal computer for full control of the XRD analyzer. The observation was preceded by using Cu radiation measurement, 2 range of detection is 1-10 degree, and increment is 0.02 degree/step.
Thermal Gravimetric Analysis (TGA).
TGA was used to determine the thermal stability in terms of weight percent in the sample as a function of temperature. PE/clay nanocomposites were analyzed by TGA, PerkinElmer Thermal Analysis Diamond TG/DTA. The analysis was performed under nitrogen atmosphere at gas flow rate of 100 mL/min. The sample was heated from 50 ∘ C to 600 ∘ C at a constant rate of 10 ∘ C/min and then cooled naturally.
Differential Scanning Calorimetry (DSC).
The melting temperature ( ) was determined by a Perkin-Elmer diamond DSC. The analysis was proceeded at the heating rate of 20 ∘ C/min in the temperature range of 50-150 ∘ C under N 2 atmosphere. The heating cycle was run twice. In the first scan, the samples were heated and then cooled to room temperature. In the second scan, the samples were reheated at the same rate, but only the results of the second scan were reported because the first scan was influenced by the mechanical and thermal history of the samples.
Nuclear Magnetic Resonance (
13 C NMR). 13 C NMR was used to evaluate the percent insertion of comonomer in the copolymer. For sample preparation, LLDPE/clay nanocomposite was dissolved in the mixture of 1,2,4-trichlorobenzene and chloroform-d (internal locking solvent) and then heated until it became a clear solution. The 13 C NMR spectra were recorded at 110 ∘ C using JEOL JNM-A500 operating at 125 MHz.
Scanning Electron Microscopy (SEM)
. SEM was used to observe the morphology of polymer nanocomposites. The sample was analyzed by JEOL JSM-6400 scanning electron microscopy. The nanocomposite samples were mounted on a stub with double-sided adhesive tape and coated with a thin layer of gold prior to observation. Figure 1 shows the XRD patterns of nanoclay. The sizes of nanoclay were investigated by X-ray diffraction (XRD). From Debye-Scherrer formula [6] , it was confirmed that the average crystallite sizes of clay A and clay B are ca. 4 and 7 nm (using the XRD peak at 22 ∘ ), respectively. Both clay XRD patterns present the peaks in the positions (2 ) of 20, 22, 26.5, and 36 ∘ , corresponding to montmorillonite (MMT) crystalline structure [11] . The position at 10.1 ∘ corresponds to illite clay mineral, which is a phyllosilicate or layered aluminosilicate. This indicates that these nanoclays are mixed-layer montmorillonite/illite, which is composed of two discrete species: one is montmorillonite having low interlayer charge with hydrated interlayers by at least two layers of water molecules; the second species is illite with dehydrated interlayers.
Results and Discussion
Characterization of Nanoclay
Size and Composition.
Functional Group.
The functional groups of two types of nanoclay were compared by FTIR spectra. The FTIR spectra are shown in Figure 2 . It was found that the wavenumbers of obtained peaks are not different and the absorbances are also rather equal. FTIR spectra show the main peaks at 1000, 2850, and 2900 cm −1 wavenumbers, which are corresponding to alkene (=C-H bending), CH stretching vibrations (CH 2 ), and alkane (C-H stretch), respectively, [12] . The peak between 3,300 and 3,500 cm −1 was considered as amine (N-H stretch) [12] . The absorbance peak of clay A is lower than clay B. This indicates that amine compound in clay A is less than clay B. It may be due to the different amounts of amine salts in the surface of the clay. Moreover, it was possible that clay A and clay B were modified by the different kinds of amine salts, which include primary, secondary, or tertiary amine salt.
Thermal Stability.
Thermal stability of nanoclay in nitrogen atmosphere can be observed from Figure 3 , which indicates that clay A is more stable than clay B at a temperature lower 300 ∘ C. The thermal stabilities were evaluated in terms of 10% weight-loss temperatures ( 10). 10 of clay A is higher than clay B, which are 273 and 227 ∘ C, respectively. This difference in thermal stability was due to different compositions of these nanoclays. In general, the unmodified clay (such as Na + -Montmorillonite) has weight loss at ca. 100 ∘ C due to the presence of moisture in the interlayer between clay platelets. However, for clay A, the weight loss at ca. 100 ∘ C was not observed. This indicates that the surface of the clay platelets had been modified with an organic modifier (alkyl ammonium salt), conveying hydrophobic properties to the hydrophilic clay. From 200 ∘ C, the weight loss was observed on clay A due to the decomposition of the alkyl amine salt [13] . In clay B, the first weight loss was observed at 90 ∘ C. It is attributed to the decomposition of the remaining moisture in this clay. Above 200 ∘ C, clay B exhibited lower stability than clay A. The alteration of thermal stability may be derived from the various kinds and amounts of amine salts between the two clays. 
Ethylene Polymerization.
The effect of the types of nanoclay on the activity of metallocene catalyst as shown in Table 1 indicates that the polymerization system with clay A exhibits higher catalytic activity than that with clay B at the same loading. This is consistent with the higher amount of amine group in clay B, which may deactivate zirconocene catalyst [10, 14] . Therefore, clay A is more appropriate to use as nanofiller for catalytic aspect. It is also observed that the catalytic activity of the homogeneous systems (runs 1 and 9) is higher than that of the heterogeneous (with clays) systems (runs 2-8 and 10-13). The reduction of the catalytic activity for the heterogeneous systems can be attributed to (1) the generation of catalyst active sites with lower propagation rates due to interactions with the clay surface, and (2) restrictions of the monomer access to the catalyst active sites due to the presence of the clays, hindering the chain propagation [15] . In addition, the catalytic activity tended to decrease with the increase of the nanoclay content. This is because the drawbacks of the heterogeneous system as mentioned above were more pronounced when the higher amounts of nanoclay were present in the systems. The deactivating effect of the amine group on the zirconocene catalyst is also another reason for the decrease of catalytic activity. When increasing the amount of nanoclay to 40 wt%, it did not even produce polyethylene due to the more adverse effect from the nanoclays.
Characterization of Nanocomposites. It was because clay
A provided the higher catalytic activity than clay B, thus it was more appropriate to be used as the catalytic filler. Therefore, in this characterization of nanocomposites, only clay A-filled nanocomposites were investigated and compared with the pure polymers.
Dispersion of Nanoclay.
The small angle X-ray diffraction (SAXRD) patterns of nanoclay (clay A), pure PE, and PE/clay nanocomposites are shown in Figure 4 . The SAXRD patterns for clay A provide diffraction peaks at 2 = 2.3 and 4.7 ∘ , whereas the pure PE did not exhibit the diffraction peak at 2 = 1-10 ∘ range. The diffraction peaks of all nanocomposites were also not observed. The peaks at about 2 = 2.3 and 4.7 ∘ of clay were not in the nanocomposites suggesting that high dispersion of nanoclay throughout polyethylene matrix was obtained [16] . This exfoliated degree dispersion of nanoclay may be due to direct mixing process. The methylaluminoxane (MAO) added during the clay treatment step is expected to react with hydroxyl group on clay surface. After that, the zirconocene catalyst added during catalyst supported step was intercalated between the clay platelets, where the zirconocene catalyst was reacted with MAO-treated clay and modifier, creating covalent bond that helps to avoid catalyst leaching during the polymerization. Thus, it is the cause of well dispersion of nanoclay in the polyethylene matrix [17] . Exfoliation became possible through a strong interaction between the polyethylene chains and the clay surface [18] . Figure 5 shows TGA and DTG curves of pure PE and PE/clay nanocomposites. It is used to describe thermal stability of PE/clay nanocomposites. At temperature range between 200 and 350 ∘ C, PE/clay nanocomposite degraded slower than pure PE observed from the lower weight loss percentage, whereas the nanocomposite with 20 wt% of clay loading exhibited faster degradation. The weight loss at this temperature range is related mainly to the organic surface modifier degradation and also the degradation of remained MAO that cannot participate in the polymerizations [9] . In effect, the nanocomposite with 20 wt% of clay loading, which naturally has the highest content of the organic surface modifiers among all the samples and also has the highest content of the remained inactive MAO due to the lowest catalytic activity, thus degraded fastest in this temperature range. For the nanocomposites with 5% and 10 wt% of clay loadings, they degraded slower than the pure polymer due to the major effect of barrier properties induced by the nanoclays that hindered heat transfer throughout the nanocomposites [19] . At the temperature above 400 ∘ C, the weight loss of the polymer contributes to polymeric chain degradation. It was found that the nanocomposite with 5 wt% of clay loading still exhibited better thermal stability than the pure polymer and other nanocomposite samples. The lower thermal stabilities of the nanocomposites with the higher loadings (10 and 20 wt%) compared to the pure polymer are attributed to the presence of more acidic sites originating from the Hoffman degradation of the organic surface modifiers, which catalyze the polymer chain degradation [20, 21] . Therefore, it can be concluded from the TGA result that the introduction of clay into the polymers not exceeding 5 wt% can enhance their thermal stability, but the excess of clay (from 10 wt%) can reduce the thermal stability of the polymer. For DTG curve, the maximum decomposition temperatures were observed. The maximum decomposition temperatures of pure PE, PE/clay 5, PE/clay 10, and PE/clay 20 are 463, 481, 452, and 449 ∘ C, respectively. It can be observed that from 10 wt% to 20 wt% of clay content, the maximum decomposition temperatures of the nanocomposites decreased with increasing the clay content. This result is attributed to an increase of the acidic sites with increasing the organic surface modifiers (from clays), which accelerated the polymer degradation. The thermal properties of LLDPE and its nanocomposites investigated by TGA and DTG are shown in Figure 6 . It was found that the maximum decomposition temperatures of pure LLDPE, LLDPE/clay 5, LLDPE/clay 10, and LLDPE/clay 20 are 463, 463, 465, and 442 ∘ C, respectively. This thermal behavior of LLDPE slightly differed from that of PE probably due to the difference in molecular structure and crystallinity between two polymers, then being affected by the clay differently. Table 2 shows the melting temperature, crystallinity, and 1-hexene insertion (obtained from 13 C NMR spectrum as shown in Figure 7 ) of pure PE, pure LLDPE, and the nanocomposites. It can be observed that there was no significant change in the melting temperature of PE with the addition of nanoclay in homopolymerization system. However, it is seen that PE/clay nanocomposites with various clay loadings are different in the crystallinity. Adding 5 wt% of clay in the composite presents an increase in crystallinity. This suggests that small amount of clay acting as heterophase crystal nucleation agent in the polymer metrix [18] . However, the crystallinities of PE/clay nanocomposites decreased by increasing the amounts of nanoclay to 10 and 20 wt%. This may be due to large amounts of clay particles locating themselves in the interlamellar spaces, leaving a little room for additional crystallization. Thus, clay particle may hinder the formation of crystalline phase of PE and present a decrease in crystallinity [18] . For the copolymerization system in which 1-hexene was used as a comonomer, no melting temperature was found for LLDPE with 5 wt% of clay (run 9). It may be due to too much insertion of 1-hexene comonomer (over 30%), which poses the large molecular structure, and also the effect of clay that prevents the crystallization process inside the polymer. This contrasts with the pure LLDPE (run 8) which only the high comonomer insertion occurred without the presence of clay. Therefore, its crystallinity still appeared. The melting temperatures and the crystallinities were observed in the case of LLDPE with 10 and 20 wt% of clay (runs 11 and 12). It may be due to a decrease of comonomer insertion resulting from the higher content of clay that brought the crystallinity back to the nanocomposites. The higher content of the clay in the polymerization system could lead to less space for monomer (ethylene) or comonomer (1-hexene) attacking into the catalyst active sites. On account of this phenomenon, 1-hexene molecules which are larger than ethylene molecules then have the lower ability to attack the active sites when the clay content is higher. Therefore, the insertion of the 1-hexene decreased by increasing the amount of the clay.
Thermal Stability.
Crystallization Behavior.
Morphology.
The SEM micrographs of the PE and PE/clay nanocomposites are shown in Figure 8 . It can be seen that no agglomerated particles leaching out from the polymer matrix were clearly observed. This suggests good distribution 
Triad distribution was determined as follows; of the clays, which reduces a tendency for the clays to agglomerate. In addition, the strong interaction between the clay surface and the polymer matrix may help reduce the leaching of the clays. These advantages would come from the in situ polymerization, in which the catalyst covalently bound between the clay layers becomes the reaction center during the polymerization and was attacked and linked with the monomer; therefore, the strong interaction between the clay and the polymer occurred. Moreover, when the polymer had been propagating it exfoliated the clay layers all over the polymer matrix, with the good distribution of the clays being obtained [22] . The morphologies of all PE/clay nanocomposites did not change upon various clay contents. This suggests that the good distribution of clay still occurs even the high clay content. From Figure 9 , it is observed that the morphology of pure LLDPE differed considerably from the entire LLDPE/clay nanocomposites. The presence of clays improved greatly the morphology of LLDPE by providing the pellet-like structure, which is required for the polymer processing. The variation of clay content did not significantly affect the morphologies of LLDPE/clay nanocomposites.
Conclusions
The in situ polymerization in which catalyst was first immobilized onto the nanoclay, and then brought the nanoclays/catalyst into the polymerization process, appeared to be a good method for producing polymer nanocomposites with an excellent distribution of the nanoclays inside the polymer matrix. The distribution of the nanoclays can be proven by X-ray diffraction analysis (XRD), which no peak indicating to the nanoclays was observed suggesting high dispersion of nanoclay throughout the polymer matrix. Both clay A and clay B can improve thermal stability for the host polymers. However, clay B provided the lower catalytic activity to the polymerization system than clay A due to the higher amount of amine group, which could deactivate the catalyst. The clay content adversely affected the catalytic activity for both PE and LLDPE and also affected the comonomer insertion in the case of LLPDE.
